As measured by Sinton and Strong, the variation of infrared emission from the surface of Mars with local time on Mars is here interpreted in terms of a simplified theory of diurnal temperature variations, in which the effect of the atmosphere is included. The results suggest a very low thermal conductivity for the upper few centimeters of the Martian ground. Such low conduetivities appear to be possible only if the material composing these layers is very fine powder having a characteristic size of not more than a few microns. If a linear relationship is assumed between convective heat transfer and surface temperature, the appropriate constant of proportionality is on the order of 10 -4 cal/cm ~ see deg.
I. INTRODUCTION
In analyzing their observations of the variation with local time of the apparent surface temperature on Mars, Sinton and Strong (1960) find it impossible to match both the amplitude and the phase found in the observations with a theory that neglects conduction and convection of heat into the atmosphere. They suggest that an analysis that includes atmospheric processes could determine something about the meteorology of the planet. This paper is an attempt to carry out such an analysis, using a simple theory of the surface temperature variation, developed by LSnnqvist (1962 LSnnqvist ( , 1963 .
II. DETERMINATION OF THE THERMAL PARAMETERS
LSnnqvist assumes that a simple heat conduction law with thermal conductivity, k, describes the heat flow in the ground, while Newton's law of cooling describes interaction among the surface, atmosphere, and space. Thus the heat balance boundary condition at the ground, z = 0, is given by k(dT/dz)~=o = S --h(To --Th) , (1) where To is the temperature, S is the solar radiation flux, and h and Th are parameters related to radiative processes as well as to conduction and convection in the atmosphere. Their interpretation is clarified in Sec. 4. Although Eq. (1) is perhaps the simplest boundary condition that can include the effect of atmospheric heat transfer, its applicability to the problem of the terrestrial diurnal temperature wave has been demonstrated by LSnnqvist (1963) under a variety of conditions.
The temperature in the ground and the solar radiation flux are represented by Fourier series in time
j=l and it is further assumed that S is proportional to the cosine of the angle of incidence of the solar radiation, so that S --C(sin ~ sin ~ -{-cos ~ cos ~ cos ~t)
for tan ~ tan ~ ~ cos ~t > 0,
for tan ~ tun 6 + cos o~t < 0, where ~ is latitude, ~ is solar declination, C the solar constant, and ~ the angular fiequency of rotation of the planet. Equations (4) and (4a) are valid if atmospheric attenuation of solar radiation is negligible. From the heat conduction equation, and the boundary condition Eq. (1), it follows that and the mean temperature Tm is given by
in the absence of any diurnally averaged temperature gradient in the ground. It follows that all the properties of the diurnal temperature wave depend on three parameters: h/fl, re~n, and nC/~rS. Figure 1 shows the dependence of two of these properties on h/5: the phase lag of the maximum temperature after local noon, and the absolute diurnal temperature range in units of (nC/Tr~) for the case m = 0, corresponding to equatorial equinox conditions. We see that both phase lag and temperature range for a given value of (nC/rrfl) decrease monotonically with increasing h/~; these two curves provide a guide for fitting observed ground-temperature variations. Strong's data lie between the values suggested by these authors when atmospheric effects are neglected [0.001 < (pck) ~/2 < 0.004]. These values are therefore not very sensitive to the assumed atmospheric exchange process.
III. TI-IE MARTIAN GROUND
The value pc ,~ 0.30 cal/cm 3 °K used in deriving the values of k in Table I (National Research Council, 1926) , shows the pressure variation of the thermal conductivity of six different powders. There is a strong suggestion of two distinct regimes, depending on the pressure: (a) At pressures greater than 50 mm Hg, k has a weak pressure dependence, and its magnitude depends primarily on the particular powder. (b) At pressures less than 30 mm Hg,/c has a strong pressure dependence and depends primarily on particle size, while being almost independent of the particular powder. In the latter regime, over the particle-size range indicated, the approximate relaticn
(where d is a characteristic particle dimension) appears to hold. Setting aside Gifford's temperature variation for the moment, the shaded ellipse in Fig. 3 appears to represent for Mars the most likely range of pressure (Kaplan, Mfinch, and Spinrad, 1964) and thermal conductivity. Assuming that this region is in regime (b) of thermal conductivity, and that Eq. (7) is approximately valid, the deduced thermal conductivity strongly supports the hypothesis that the Martian surface is composed of finely powdered material, predominantly ranging in size from a few tenths of a micron up to about 20 microns. This agrees with polarization measurements (Dolphus, 1961) and estimates of particle-fall velocity for the occasional planetwide yellow cloud obseurations of Mars (Ryan, 1964) . The more frequent and less prolonged yellow clouds in the vicinity of the subsolar point require larger particles. According to Ryan (1964) , furthermore, it would be increasingly difficult to raise dust clouds as particle size falls below a few hundred microns. It is possible, however, that though the larger particles may exist in relatively limited regions, the small particles predominate and can be raised only under relatively rare conditions of extreme wind.
An even stronger argument exists for assuming that the upper limit on the predominant particle size is in the vicinity of 10 microns. For any porosity or grain arrangement, theory and experiment both indicate that the thermal conductivity of porous materials lies between that of the material and that of the substance filling the interstices. For air (as for any combination of nitrogen, C02, and argon likely to comprise the Martian atmosphere), the thermal conductivity is roughly 5 X 10 -~ cal/cm °K sec. Since this is smaller than k for any known solid, it would give a lower limit to the possible conductivity of the Martian soil if the pores in the soil were large enough in comparison with the free path of the interstitial gas molecules that a true continuum conductivity of the gas would apply. The fact that the value of k derived from Sinton and Strong's observations is below this lower limit indicates that the pore size (and hence the grain size) must not be large compared with the free path of the gas molecules--about 2 microns for 25 mbar pressure.
The theory of heat conduction shows that the amplitude of the temperature oscillation is diminished by a factor of 10 in a depth of approximately (4k/pco~) ~/2. Using the values in the first three columns of Table I , and the equivalence pc = 0.3 cal/cm 3 °K, we find this depth to be about 3 cm--the depth for which the deduced k is representative.
It should be mentioned that Gifford's data suggest particle sizes in the range of several hundred microns. Sinton and Strong's observations are likely to be more representative because they were made with improved techniques, and because Pettit (1961) reports that he was unable to detect a phase lag of the diurnal temperature wave using a technique similar to that used by Coblentz and Lampland in obtaining the data that Gifford discusses. Additional observations to resolve this discrepancy would be useful.
IV. THE MARTIAN ATMOSPHERE
Exchange of heat among ground, atmosphere, and space consists of three mechanisms: thermal emission of the ground, back radiation of the atmosphere, and heat transfer by conduction and convection in the atmosphere. Because of the assumption of Newtonian cooling, these heat exchange processes can be written
where e is the infrared emissivity of the ground, a is Stefan's constant, Rb is the flux of back radiation, and ho is a convective heat-transfer coefficient. The parameter T~ depends on the temperature distribution in the atmosphere. Though Rb also depends on the atmospheric temperatures, we assume for the time being that the variation of the relevant atmospheric temperatures is small compared to the variation of ground-surface temperature To. Then Rb and To may be taken to be constants. The linear convective heat-flux law can be expected to be a good approximation for forced convection with steady winds (Priestley, 1959, p. 109) . Now for temperatures in the range 190-290°K, the blackbody emission law can be linearized in the form ~aT 4 = ~aT4(4.60 x + e), where T = 240 ° , x = (T-T)/T, and the maximum value of the error, e, is e.16. With e = 0.9, this leads to eaT04 ~ -0.0117 W 0.000065T, in cal/cm 2 sec. Since Rb is assumed independent of temperature, this implies hc = 0.35 X 10 -4 for h --10 -4 , and he --0.95 × 10 -4 for h--1.6 X 10 -4 • These are rather small but not unreasonable values. LSnnqvist has interpreted his theory in terms of a more detailed analysis of the forced convection regime by Lettau (1951) , and he shows that these values of hc would imply a friction velocity of the order of 10 cm/see virtually independent of surface roughness. For very smooth terrain (such as is likely to be found on Mars) under terrestrial conditions, this would imply characteristic winds of a few meters per second at a height of 2 meters (Priestley, 1959, p. 21) .
The value of hc may be somewhat larger if variations of Ta and Rb with temperature are taken into account. Suppose, for simplicity, that both T, and the temperature characterizing back radiation increase linearly with ground temperature To, while the variation of these two temperatures remains smaller than To. Then By terrestrial analogy, the representative atmospheric temperatures at heights of a few meters probably do not vary by as much as 50% of the ground-surface temperature, so that these considerations suggest a minimum h~ ~ 0.35 X 10 -4 cal/em ~ see °K, and a maximum hc ~ 1.1 X 10 -4 cM/cm ~ sec °K. The forced convection regime probably does not exist throughout the Martian day, especially at times of peak insolation. Nevertheless, these values of h~ would give useful limits for parameterizing the gross effects of heat exchange between the Martian ground and atmosphere in studies of the Martian general circulation.
